ABSTRACT The weight of 6-and 7-d-old chicken embryos and their chorioallantoic membrane (CAM), vascular density, protein immunoexpression, and mRNA of hypoxia inducible factor 2 (HIF-2α), vascular endothelial growth factor (VEGF-A), and its type receptor 2 (FLK-1) in the CAM were compared in subjects incubated at 2 different altitudes: 355 and 1,378 m above sea level (masl) in Colombia. A difference was not found when comparing the weight of CAM and embryos incubated at 355 masl with those incubated at 1,378 masl on d 6 and 7 of incubation (P > 0.05). Higher vascular density in CAM (P < 0.05), percentage of cells immunoexpressing HIF-2α and FLK-1 in the CAM (P < 0.05), and relative expression of HIF-2α and FLK-1 mRNA in the CAM (P < 0.05 and P < 0.01, respectively) were encountered in embryos incubated at 1,378 masl compared with those incubated at 355 masl, but only on d 6. Percentages of cells immunoexpressing VEGF-A and relative expression of VEGF-A mRNA in the CAM values were not different when considering altitude and age (P > 0.05). Relative hypoxia (1,378 masl) appears to affect HIF-2α and FLK-1 expression in CAM of 6-d-old chicken embryos, and this change in expression results in increased vascular development in CAM on this day. At hatching, chickens between treatments differed in their BW (P < 0.0001). The lack of differences in findings on d 7 could be due to morphological, physiological, and molecular events occurring at this time.
INTRODUCTION
Hypobaric hypoxia has a deleterious effect on hatchability (Davis, 1955) ; hence, the poultry industry has tended to establish incubators in low-land areas. When chicken embryos are incubated under hypobaric hypoxic conditions, they respond primarily by decreasing their metabolism, which is reflected in lower embryonic weight (Mortola, 2011) . Embryos also respond to hypobaric hypoxia by increasing vascular density in the chorioallantoic membrane (CAM; Dusseau and Hutchins., 1988) to increase the uptake and transport of oxygen (O 2 ). Hypoxia provokes an increment in the expression of hypoxia-inducible factors (HIF), transcription molecules that regulate cellular responses to hypoxia . Hypoxia-inducible factors are heterodimers consisting of HIF-α and HIF-β subunits that are members of the basic helix-loop-helix PAS proteins . The HIF-α isoforms currently recognized are HIF-1α (Semenza and Wang, 1992) , HIF-2α (Tian et al., 1997) , and HIF-3α (Gu et al., 1998) . In chickens, HIF-1α and HIF-2α are expressed in embryonic and extraembryonic tissues, respectively (Ota et al., 2007) . Little is known about the expression pattern of HIF-3α, but it appears to negatively regulate hypoxia-inducible genes (Makino et al., 2001 ). The HIF-1α and HIF-2α control the expression of several hypoxiainducible genes associated with vascular development, such as the vascular endothelial growth factor (VEGF; Ema et al., 1997) and its receptors (VEGFR; Kappel et al., 1999; Elvert et al., 2003) . The VEGF family which is composed by dimeric glycoproteins, includes VEGF-A, placenta growth factor (PlGF), VEGF-B, VEGF-C, VEGF-D, and VEGF-E. The VEGF bind to different receptors: VEGFR-1 (FLT-1), VEGFR-2 (FLK-1), and VEGFR-3 (FLT-4). These VEGFR form a subfamily within the platelet-derived growth factor (PDGF) receptor class, and they are tyrosine kinase transmembrane glycoproteins with an extracellular ligand-binding domain (Veikkola and Alitalo, 1999) . The VEGF-A and its receptor FLK-1 are implicated in most aspects of vascular formation (Carmeliet et al., 1996; Ferrara et al., 1996) .
During the first 4 d of incubation, O 2 demands rapidly increase in the developing embryo, which gets O 2 through the yolk sac vasculature, because the blood vessels of the CAM are not developed enough at this point to comply with the embryo's respiratory needs. The CAM initiates its respiratory function around d 7 of incubation (Adair et al., 1987; Pearson et al., 1991) . The majority of embryos die during the first week of embryonic development (Etches, 1996; Christensen, 2001; Máchal et al., 2003) , which represents the transition between the second period of embryonic avian breathing (vitelline circulation) and the third period (allantoic circulation; Cirotto and Arangi, 1989) .
The objectives of this study were to a) evaluate the effect of hypobaric hypoxia on the weight of the embryo and the CAM, b) find possible differences in vascular density in CAM of embryos incubated at 355 and 1,378 m above sea level (masl) on d 6 and 7 of incubation, c) determine the expression of HIF-2α, VEGF-A, and FLK-1 in the CAM of embryos incubated at 355 and 1,378 masl on d 6 and 7 of incubation; d) establish the possible relationship between expression of HIF-2α and VEGF-A and its receptor FLK-1 in the CAM of embryos incubated at 355 and 1,378 masl on d 6 and 7 of incubation; e) establish possible relationships between expression of the above-mentioned genes and vascular density in CAM; f) find if there is any relationship between vascular density in CAM with the embryonic weight of embryos incubated at 355 and 1,378 masl on d 6 and 7 of incubation; and g) estimate and compare the weight of chickens at hatching between individuals incubated at 355 and 1,378 masl.
MATERIALS AND METHODS

Embryo Incubation and Tissue Samples
Fourteen thousand five hundred eighty Cobb fertile eggs were obtained from a local hatchery in Colombia. The eggs delivered to both hatcheries came from the same breeder flocks, stored at similar conditions, and incubated in Chick Master machines under standard commercial conditions: temperature 37.5°C, humidity 50%, and the eggs were turned automatically every hour. Fifty percent of eggs were incubated at 355 masl (barometric pressure: 730 mmHg, O 2 partial pressure (PO 2 ): 153 mmHg, O 2 availability of 20%) and the other half at 1,378 masl (barometric pressure: 650 mmHg, PO 2 : 136 mmHg, O 2 availability of 17.7%). Fifteen eggs with viable embryos were randomly chosen from each of the above-mentioned groups (355 and 1,378 masl) on d 6 and 7 of incubation. All procedures were approved by the Bioethics Committee of the National University of Colombia, in accordance with international norms for the care and use of experimental animals. The embryos were decapitated and CAM samples were taken at random from each specimen, and fixed by immersion in a 4% aqueous formalin solution (pH 7.4). Likewise, CAM samples were stored in cryotubes and immediately frozen by immersing them in liquid nitrogen, and then stored at −80°C before the RNA extraction procedure.
Quantification of Vascular Density
Before collecting samples, the total vascular area in CAM was photographed at a distance of 15 cm from the lens of the camera. The vessels were completely traced using the commercial software CorelDRAW Graphics Suite X4 (Corel Inc., Mountain View, CA; Figure 1 ), and the area of vessels on picture was quantified using the commercial program Adobe Photoshop CS4 Extended (Adobe Systems Inc., San Jose, CA) by using the tool Image Measurement Panel (Abrams et al., 2009) . Vascular density was expressed in millimeters squared.
Immuhistochemistry and Immunoexpression Quantification
Tissue samples were deparaffinized, a hydrated antigen retrieval solution was added (citrate buffer pH 6), and after cooling and washing the plates with distilled water, these were immersed in Tris buffer (pH 7). Afterward, the Universal Blocking Reagent Solution (Biogenex HK 0.85.5k; Fremont, CA) was added, as well a dilution of FLIP antibody 1/50. Plates were washed 3 times with Tris buffer, and then the stabilizer Super Enhancer Reagent (Biogenex HK518-YAK) was added, and samples were washed again with Tris buffer. Then, the polymer complex peroxidase-labeled S.S Label Polymer HRP (Biogenex HK519-YAK) was added, and samples were washed again with Tris buffer, followed by the addition of a chromogen DAB (Biogenex HK520-YAK) solution. Tissues were then observed under the microscope for the appearance of a brown color in reactive structures. Harris hematoxylin was employed as a counterstain. Colon adenocarcinoma samples were used as positive controls, and for negative controls CAM samples without the primary antibody. Immunohistochemical analyses were carried out using antibodies directed against HIF-2α, VEGF-A, and FLK-1 (Santa Cruz Biotechnology, Santa Cruz, CA).
Using the light microscope and 40× objective, the number of cells expressing specific marker (HIF-2α, VEGF-A, and FLK-1) was expressed as a percentage of total cells observed per field, in 5 randomly selected optical fields per sample.
RNA Extraction and Reverse-Transcription PCR
Gene mRNA expression of HIF-2α, VEGF-A, and FLK-1 in CAM was determined by reverse-transcrip-tion (RT) PCR, as previously described (Gómez et al., 2007) . Total RNA was extracted with the Trizol technique reagent according to brochure instructions (Invitrogen Corp., Carlsbad, CA). Then, mRNA was isolated using a Dynabeads mRNA direct kit (Invitrogen Corp.). The concentration of mRNA was quantified by UV spectrophotometry at an absorbance of 260/280 nm (SpectronicBioMate 3 UV-Vis Spectrophotometer, Thermo Electron Corp., Waltham, MA). The cDNA synthesis was performed from 1 µg of mRNA using 200 U of MMLV-reverse transcriptase (Invitrogen Corp.), 20 U ribonuclease inhibitor RNase-Out (Invitrogen Corp.), and 1 nM of random hexamer primers (Invitrogen Corp.) in a total volume of 30 µL. Reversetranscription reactions were carried out at 37°C for 45 min, followed by a 15-min exposure period at 42°C, and a heating one, at 92°C for 2 min. To verify the specificity of the amplified products, RT was performed without adding reverse transcriptase enzyme (negative controls). The PCR of the generated cDNA was brought about and the amplified products were resolved in 1.5% agarose gels and visualized with ethidium bromide, to ensure the size (bp) of obtained products (Figure 2) . Also, the amplified sequences were verified by sequencing (Table 1) .
Real-Time PCR
From the cDNA obtained by RT, the mRNA expression of HIF2-α, VEGF-A, FLK-1, and 18S ribosomal subunit was determined with a real-time PCR thermal cycler using the Roche Light Cycler and detection methodology of SYBR green PCR Core Reagents (Roche Diagnostics Corp., Indianapolis, IN). The above procedures were performed according to previous reports (Gómez et al., 2007) in which this technique was validated following the manufacturer's instructions. Polymerase chain reaction was performed using specific primers for each gene of interest, which were designed with the Primer 3 software (http://frodo.wi.mit.edu/ primer3), from the sequences of Gallus gallus genes reported in GenBank. The access number, the initiators, and the size of the product are shown in Table 1 . The final reaction volume was 20 µL. All reactions were carried out under the following conditions: 95°C for 3 min, 40 cycles at 95°C for 5 s, 64°C for 15 s, and 72°C for 15 s. In each sample, mRNA levels were normalized with the expression levels of S18 ribosomal subunit control housekeeping gene (based on the calculation of PCR efficiency).
Weight of 1-d-Old Chickens and Statistical Analysis
A total of 102 chickens were weighed at hatching using an electronic balance.
A descriptive analysis of quantitative variables was performed (weight of CAM, embryonic weight, vascular density, and percentage of cells expressing HIF-2α, VEGF-A, FLK-1, and weight of 1-d-old chickens). Mea- for S18 ribosomal subunit (S18, 265 bp), hypoxia-inducible factor (HIF-2α, 174 bp), vascular endothelial growth factor (VEGF-A, 80 bp), and the receptor for vascular endothelial growth factor (FLK-1, 89 bp). A 500-bp molecular weight marker (M) was used (brighter line: 125 bp; other lines: every 25 bp). The PCR products were separated on 1.5% agarose gel, stained with ethidium bromide, and examined with UV light and visualized with the Gel Doc System (Bio-Rad, Hercules, CA). In addition, negative controls are shown and resulted in no bands after amplification.
sures of central tendency and dispersion were calculated. Significant difference for the variables between both altitudes was determined using Student's unpaired ttest. In the case of mRNA expression of different genes, these were first standardized by the comparative method ΔCT (Livak and Schmittgen, 2001 ) before they were compared using the Pfaffl's test (Pfaffl, 2001) , and then with the model 2 −ΔΔCT (Livak and Schmittgen, 2001 ) and Student's unpaired t-test of their ΔCT. Confidence interval for the mRNA relative expression was calculated in accord to the reports of Yuan et al. (2006) . The data analysis was made using GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA) and expression analysis software REST 2009 (Pfaffl et al., 2009) .
RESULTS
Embryonic and CAM Weights, and Vascular Density
There was no difference in the weight of the CAM and embryos incubated at 355 and 1,378 masl on d 6 and 7 of incubation (P > 0.05).
Higher vascular density was found in the CAM from embryos incubated at 1,378 masl compared with those incubated at 355 masl, but only on d 6 (P < 0.05, Figure 3 ). Significant differences in CAM vascular densities were found when comparing values obtained for d 6 versus d 7 either at 355 masl or 1,378 masl (P < 0.0001).
Immunoexpression Quantification
A higher percentage of HIF-2α-positive cells in CAM of embryos incubated at 1,378 masl was found in com- Primer pairs sequence of S18 ribosomal subunit (S18), hypoxia inducible factor (HIF-2α), vascular endothelial growth factor (VEGF-A), and the receptor for vascular endothelial growth factor (FLK-1) transcripts in CAM samples. In addition, the expected size of the generated cDNA products and the sequence identification number is indicated for each signal (GenInfo identifier of chick cDNA, available online at http://www.ncbi.nlm.nih.gov/). parison with obtained values at 355 masl on d 6 but not on d 7, when no difference was found (P > 0.05, Figure 4 ). The same results were true for FLK-1 (P > 0.05, Figure 5) . Corresponding values for percentage of VEGF-A-positive cells were not different on d 6 and 7 (P > 0.05, Table 2 ).
Relative mRNA Quantification
The obtained values for the relative expression of HIF-2α and FLK-1 were higher in the CAM of embryos incubated at 1,378 masl than those found for embryos incubated at 355 masl (P < 0.05, Figures 6 and 7) on d 6 but not on d 7. For the latter mRNA, values decreased from d 6 to 7 (P < 0.05, Figure 7 ). Relative expression of VEGF-A in the CAM was not different when altitude and age were considered (P > 0.05, Table  3 ).
Weight of 1-d-Old Chickens
Results are shown in Figure 8 . There were highly significant differences between treatments (P < 0.0001).
DISCUSSION
It is known that chicken embryos exposed to hypoxia respond by decreasing their metabolic demands, which results in low BW (Smith et al., 1969; Tazawa et al., 1971; Wangensteen et al., 1974; Metcalfe et al., 1981; McCutcheon et al., 1982; Adair et al., 1987; Stock and Metcalfe, 1987; Asson-Batres et al., 1989; Xu and Mortola, 1989; Dzialowski et al., 2002; Azzam et al., 2007) . However, the chicken embryos have the ability to exhibit many aspects of normal growth even if they are exposed to hypoxia (Chan and Burggren, 2005) , as it was presently shown. According to Mortola (2001) , the effect of hypoxia on internal organs could be heterogeneous; therefore, it remains to be established if the level of hypoxia presently used has some effect in specific organ characteristics. In contrast, several authors found an increment in the weight of the CAM as a consequence of hypoxic exposure (Strick et al., 1991; Burton and Palmer, 1992; Wagner-Amos and Seymour, 2003; Chan and Burggren, 2005) . Associated with heaver CAM mass in response to hypoxia, there is an apparent increase in its vascular density (Chan and Burggren, 2005) , although somewhat contradic- tory results have been reported as follows: A) hypoxia has no effect on CAM vasculature (Burton and Palmer, 1992) , B) hypoxia negatively acts on vascularization of CAM (Wagner-Amos and Seymour, 2003), and C) hypoxia increases the vascular development of the CAM Hutchins, 1988, 1989; Strick et al., 1991) . The latter coincides with present findings, given that incubation under relative hypobaric hypoxia conditions was associated with an increase in vascular density in CAM, but only on d 6. Corona and Warburton (2000) suggested that an increase in the vascular supply of the CAM in response to hypoxia is possibly due to the local release of angiogenic factors, which are largely mediated by HIF (Guillemin and Krasnow, 1997) . Nanka et al. (2006) found regions expressing HIF even in normoxic control embryos, in several organs, but HIF and VEGF were mostly expressed in those regions subjected to hypoxia. In the present study HIF-2α and FLK-1 were expressed under both conditions: normoxia and hypoxia, but an increased percentage of cells expressing HIF-2α and FLK-1, and higher relative expression of HIF-2α and FLK-1 were detected in embryos incubated under relative hypobaric hypoxia, but only on d 6. A possible explanation for the absence of differences between the parameters evaluated in CAM might pertain to the initiation of a hypometabolic state on d 7, which then would reduce the demands for O 2 , thus making an environment that is less hypoxic. This would decrease HIF-2α expression, which in turn diminishes the expression of VEGF-A and FLK-1. Hypometabolism would be reflected in the decrease in body mass observed at hatching of embryos incubated under hypoxia, which coincides with low birth weight of those embryos incubated at 1,378 masl in the present study. During d 5 to 12 of incubation, the O 2 consumption of the CAM is a large fraction of the total (Mortola, 2009) ; then if the CAM slows its growth in response to hypoxia, the total O 2 demands within the egg also subside. Therefore, 2 possible events could be happening at the same time in CAM of embryos exposed to hypoxia: 1) an attempt to increase the number of blood vessels, and 2) a lower metabolism, which can be taken as an opposing mechanism. The above-mentioned events might then be innocuous for vascular development as observed by Burton and Palmer (1992) . Dzialowski et Figure 6 . Real-time reverse-transcription PCR analysis of chorioallantoic membrane's (CAM) hypoxia-inducible factor (HIF-2α) mRNA levels (shown in the y-axis) of 6-and 7-d-old chicken embryos incubated at 355 and 1,378 m above sea level (masl). Expression levels are normalized to those of the internal control S18 ribosomal subunit (S18). Data are presented as mean ± 95% CI. *P < 0.05. Figure 7 . Real-time reverse-transcription PCR analysis of chorioallantoic membrane's (CAM) vascular endothelial growth receptor (FLK-1) mRNA levels (shown in the y-axis) of 6-and 7-d-old chicken embryos incubated at 355 and 1,378 m above sea level (masl). Expression levels are normalized to those of the internal control S18 ribosomal subunit (S18). Data are presented as mean ± 95% CI. *P < 0.05; **P < 0.01. al. (2002) gave evidence that although capillary density increases in response to hypoxia, the overall CAM development may be inhibited. Although exposure of the chicken embryo to hypoxia during incubation affects its anatomical and physiological development, there is some confusion and disagreement about the time intervals when the chicken embryo is more sensitive to hypoxia during incubation (Chan and Burggren, 2005) . The lack of differences in values presently obtained for parameters on d 7 could be, at least hypothetically, associated with the following events: A) morphological: the blood barrier shortens, given that the blood capillaries move from the mesoderm into the chorion on d 6 (Schlatter et al., 1997) , B) physiological: hemoglobin gains in its O 2 affinity as it changes from the primitive type to the adult; this change can be anticipated as a result of a lower PO 2 (Baumann and Meuer, 1992) , and C) molecular: amounts of 2,3 biphosphoglycerate (BPG) augment, which has higher O 2 affinity, whereas the ATP quantities diminish. The latter has lower O 2 affinity than BPG (Dragon and Baumann, 2003) . As a result of the above-mentioned compensatory events, the need for new blood vessels might be diminished, together with the correspondent gene expression. On the other hand, there is not information on the precise timing of expression of all genes controlling vasculogenesis and angiogenesis at d 6 and 7, and there is a possibility that on d 7 of embryonic development in the chicken, gene expression might differ from that occurring during d 6, thus explaining the lack of statistical differences presently reported.
The inconsistency of all the findings seen on d 6 and 7 in embryos exposed to relative hypobaric hypoxia in the present study reinforces the idea of existence of critical windows of development in chicken embryos when they are most sensitive to hypoxia (Dzialowski et al., 2002; Chan and Burggren, 2005) . So, from results of the present study it can be concluded that the level of hypoxia given by altitude (1,378 masl) at which the embryos were subjected appears to affect the expression of HIF-2α and FLK-1 in the CAM on d 6 of incubation, which results in increased CAM vascular development on this day. The above-mentioned level of hypobaric hypoxia does not affect the embryo's weight on d 6 and 7, although it is expected that from this time onward, there should be a delay on embryonic growth due to hypometabolism, which leads to low birth weight as it was observed in the present work. The circles show the weight of each chicken. Data are represented as mean ± 95% CI (n = 102/group). ****P < 0.0001.
